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Abstract 
Operations research is required to carry the Carbon Capture and Storage (CCS) efficiently and economically 
against uncertainty in geological conditions and system troubles to terminate CO2 storage. In this study, CCS 
systemperformance has been investigated by numerical simulations for estimation error in permeability distribution 
of the layer, and economic evaluations on troubles assumed to make terminate CO2injection. The CO2buffer, such 
assphere gas tanks, should be installed to store CO2onthe process after its capture. If CO2 buffer is not included in 
the system, captured CO2 may be released to the atmosphere when a trouble on transportation or injection 
processes occurs.Thelarger size of CO2 buffer volume can be more able to withstand against long-term 
trouble.However, the larger buffer volumeneeds higher initial cost for constructing. Several simulations have been 
conductedon its system performance with and without CO2 buffer in the system. OptimumCO2 buffer volume has 
been presented based on economical evaluations for a commercial CCS model. 
1. INTRODUCTION 
Carbon capture and storage (CCS) is expected to reduce green house gases (GHG) for global climate change 
mitigation. Japanese government haspromoted technology developments on CCS, especially CO2storage into the 
deep saline aquifer. Therefore, to design the CCS system with considering several characteristics of landscape and 
geological conditions are important. 
The CCS system is used to be composed of 3 sections. The first one is capture and separation process. The second 
one is transportation process, and the last one is injection and store process. To operate the whole CCS system 
efficiently against some assumed troubles, buffer isrequired by including a volume for CO2 temporal storage, such 
assphere gas tanks,onthe transportation process.Although several studies have been conductedon its system 
performance, effects of CO2 buffer volume has not been considered in the CC system. If CO2 buffer is not included 
in the system, captured CO2 may be released to the atmosphere when a trouble on transportation or injection 
processes occurs. The larger size of CO2 buffer becomes, the system can be more able to withstand long-term 
trouble. However, the larger size of CO2 buffer needs higher initial capital cost for constructing tanks. Therefore, a 
scheme is necessary to decide the CO2 buffer volume. 
In this study, CCS systemperformance has been investigated by assuming uncertainty or estimated error on layer 
permeability and troubles to make terminate CO2 injection in the system. Especially, optimizing the size of CO2 
buffer volume has been simulated by using numerical simulations on CO2 injection and total cost evaluations. The 
numerical simulations were carried out by CMG GEMTM to study uncertainty of estimating permeability affecting 
CO2 injection rate. The optimal size of CO2 buffer volume has been simulated by a simple operations research by 
assuming number of days to recover a trouble. 
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Figure 1.Tomakomai offshore CCS demonstration project 
 
2. CCS DEMONSTRATION AT TOMAKOMAI 
The METI has presented a road map about developing CCS system as shown in Table 1. It shows targeted CO2 
storage amount from pilot to commercial projects. The targetedcumulative amount of the Tomakomai CCS 
demonstration project (METI, 2011) shows the middle position between Nagaoka CCS pilot test (104ton) and future 
commercial projects (7.5×105ton). The Tomakomai demonstration project by capturing CO2 emitted from oil 
refinery near the field. The Tomakomai demonstration project is the first CCS project including every process of 
CCS in Japan. 
The CO2 storage capacity in CO2 tons that can be estimated by following equation (Takagi, 2011) using the 
parameters as listed in Table 2. 
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Table.1 Comparison of targeted CO2 storage amount of demonstration and commercialCCS project  
CCS project Nagaoka pilot Tomakomai demonstration Commercial (expected) 
CO2 amount 1.0×104 ton 7.5×105 ton 1.0×107 ton 
year 2000 ~ 2008 2012 ~ 2020 2020 ~ 
CO2 resources Market Oil refinery Power Plant, Factory 
Layer Onshore Deep Saline Aquifer (Structural) 
Offshore Deep SalineAquifers 
(Structural/Non-structural) 
Onshore/Offshore Deep Saline 
Aquifer, Depleted Gas Field 
Injection well 1 2 Several 
 
 
 
 
 
 
 
 
 
 
 
Table 2 Parameters assumed for CO2 storage capacity 
 
 Parameter Numeric 
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(Moebets layer) 
M CO2 Storage Capacity - 
Sf Storage Factor 0.25 
 Porosity 0.281 
Sg CO2Saturation 0.5 
BgCO2 
CO2 Formation 
Volume Factor 
0.003 
 CO2 density(Supercritical) 0.001458[kg/ m3] 
 
The Sf stands for storage factor and this is assumed to be 0.25 because main mechanism of CO2 storage is porosity of 
the layer assumed to be a stratigraphical trapping. Porosity is assumed to be 0.281 the same porosity as Moebetsu 
layer which is target layer of total evaluation of the Tomakomai project. Sg is the supercritical CO2 phase volume 
fraction in the injected CO2, which is assumed to be 0.50 from references (Nakanishi et al., 2009). BgCO2 shows the 
CO2 volume factor which depends on local pressure and aquifer temperature.  is the CO2 density at layer condition 
(13.41 MPa, 47ºC). 
Japan CCS Co. Ltd. (JCCS promotescomprehensive investigations for large-scale CCS demonstration projects. 
JCCS reported that preparations of a demonstration project atTomakomaiCityhave been started in 2012 to store CO2 
into sub-seabed geological formations at Tomakomai offshore field. This projectfor 9 years will demonstrate a 
complete CCS system for the first time in Japan. It was also reported that CO2will be separated and captured from 
hydrogen production equipment at oil refineries. It is transported by two waysthat are pipeline in gas and Tank 
trucktank in liquid CO2. Total amount of CO2 is 1.0~2.0×105 ton in gas and 5.0×104 ton in liquid. CO2 will be 
injected into 2 aquifer layers. The first one is Moebetsu sandstone layer. In the original demonstration plan, CO2will 
be injected from an onshore site into two layers,Moebetsusandstone layer (depth of1100m to 1200m) and 
Takinouepyroclastic layer (depth of 2400m to 3000m) as shown in Figure 1. 
 
3. NUMERICAL SIMULATION ON CO2 STORAGE 
Numerical Simulation on TomakomaiDemonstration CO2Storage 
JCCS carried out numerical simulations on CO2 injection and storage to evaluate geological potential of CO2 
storage and check effects of faults on CO2 leakage to the sea bottom at Tomakomai offshore site. 
In this study, the numerical modeling of CO2 injection and storage into Moebetsu layer has been done using CMG-
GEMTM. The numerical simulations were carried out to check the present simulations model applying to present 
feasibility study with comparison to the JCCS s results for CO2 injection of 7.5×105 ton in three years.  
The model used forMoebetsulayercovers about 10km2. The maximum bottom hole pressure in the injection well was 
set for 13.41 MPa which is 90% of formation fracture pressure in order to prevent the seal layer above the layer 
from getting damage.Permeability was set for 40.0md for horizontal and 4.0md for vertical. There is an injector in 
the center of the layer. Because the numerical grid blocks modelused in total evaluation of Tomakomai offshore site 
has large area for 8km×15km, the large number of grid blocks are required. In this study, a numerical model was 
simplified by using constant pressure and permeable flow at the layer boundary in order to carry out numerical 
simulations within a reasonable time (see Figure 2). The present boundary condition is open to keep initial layer 
pressure, whileJCCS s boundary condition is closed due to modeling larger area. 
 
 
1.0km 
30m 
1.0km 
 
Figure 2. Simplified numerical grid blocks model of Takinoue layer for the demonstration project 
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Figure  3 Present numerical simulation resultby setting permeability kv= 40.0, kh= 4.0mD compared  one on Tomaikomai 
demonstration project for CO2 injection of 7.5×105 ton in 3 years 
 
The comparison of the results of cumulative CO2 injection is shown in Figure  3 for the Moebetsulayer. It was 
confirmed that present model shows good agreement to the JCCS s results, and the reliability of numerical model 
was proved. 
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Figure 4. A model of commercial CO2storage system 
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Figure 5. The result of numerical simulation for a commercial CO2 storage model with different permeability (kv, kh) unit in mD 
 
Numerical Simulation for a Commercial CO2Storage Model for Permeability Uncertainty 
In this study, the numerical model was constructed to carry a commercial scale of CO2 injection and storage that is 
total 107 ton of CO2 during 10 years by referring numerical the simulation model of the Moebetsu layer. Figure 4 
shows the schematic figure of the present model of a commercial CCS project assumed in this study. The main 
objectivesof the simulations wereparameter surveys on the maximum layer pressure and CO2 injection rate against 
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uncertainty in the layer permeability as a static risk. It needs some margin on the transportation and injection 
processes. 
Figure5 shows the cumulative injection amount of 1.0×107ton-CO2 was injected for 10 years.The more permeability 
the layer has, the bigger the cumulative injection amount became. The numerical model considering 
commercialization was made. The results on permeability reduction wereshown in Figure 5. 
 
4. ECONOMIC EVALUATION FOR UNCERTAINTY IN LAYER PERMEABILITY 
The lower the permeability was set, the smaller the cumulative amount of injected CO2 became. There is an 
opportunity cost as a lost benefit by decrease of CO2store from the design volume, if the permeability estimation 
error is included. This becomes a result to increase cost by releasing CO2 captured over the maximum volume of 
CO2 storage related to the layer permeability distribution. 
Suppose carbon tax or carbon trade market, the project can get revenue by doing CO2 storage from government or a 
company emits CO2.into atmosphere. Therefore, if some troubles happened in the CCS system, CCS system loses its 
revenue since the amount of CO2 would decrease by releasing captured CO2 to the atmosphere from the capture 
plant. However, if the CO2 buffer is installed on the process after CO2 capture, the system can store the captured 
CO2 during a period depends on the buffer capacity, while the initial investments to construct buffer tanks. The 
Present value method was used to do economical evaluations by following process; 
1) Decide the amount of injected CO2at a commercial project. 
2) Calculate the revenue from the amount of injected CO2 in present value. 
3) Calculate the cost of the total system including CO2 buffer tanks installed in the system. The cost is composed 
of initial (/construction) and operating (/running) cost in present value. 
4) Decide the current value of CCS system by subtracting cost from benefit 
 
Table 3. Condition for economic evaluation 
 
CO2 price 3000 [\/tCO2] 
Interest rage 4 [%] 
 
Table 4. Cost of each section 
 
 CO2 Capture or Separation 
CO2 
Transport CO2 Buffer 
CO2 
Injection 
Initial 
Cost 
9.60×109 
[\] 
5.94×109 
[\] 
1.17×105 
[\/tCO2] 
2.16×109 
[\] 
O&M 
Cost 
1.77×109 
[\/yr] 
5.94×108 
[\/yr] 
1.17×104 
[\/tCO2/yr] 
2.9×108 
[\/yr] 
 
Table 5. Injection amount in different permeability 
 
Permeability 
(kv, kh) [mD] 
Available injection 
amount [×104-tO2] 
Injection amount 
[×104-tCO2] 
(45, 4.5) 1099.4 1000.0 
(40.5, 4.05) 1038.6 944.7 
(36, 3.6) 910.8 828.5 
(31.5, 3.15) 786.5 715.4 
 
Tables 3 and 4 show parameters used for economic evaluations. Table 6 shows the injection amount of CO2 in 
different permeability set in vertical and horizontal direction, (kv, kh). Available CO2 injection amount is the result of 
the numerical simulation in the commercial model. The Injection amount was smaller than the available injection 
amount for 10% to deal with injection accident. It may beexpected that total cost is higher than the revenue, and then 
total present value is always minus. Suppose every company shouldsupportcost for their CO2 emission under a 
carbon tax law considering trade markets of carbon credits, cost and revenue may be balanced in near future.In this 
study, the comparison between the base case without CCS system and other cases with CCS system 
operated.Figure6 shows the results of evaluated total cost for CO2injection rate based on layer permeability and 
economic conditions. 
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Figure 6.Total cost evaluations of for each layer permeability 
 
Base case is onewithout CCS system with emitting CO2and buy carbon credits from other companies. The value of 
each case is cheaper than that of the base case, therefore CCS system will have a advantage on economic 
evaluations. In addition, the lower the permeability of layer become, the higher the cost became, because higher 
costs connects the smaller amount of CO2 injection and revenue from CO2 injection would decrease. 
 
5. ECONOMIC EVALUATION ON CO2 BUFFER VOLUME FOR INJECTION TROUBLES 
Economic evaluations were also conducted to investigate effects of CO2 buffer volume on total cost in considering 
some troubles on CCS process line to make stop CO2 injection. In a commercial project, CO2will be separated 
continuouslyfrom hydrogen separation unitat the oil refinery, and the CO2separation should be kept with a constant 
rate even when a trouble occursby astack on the CO2 transportation or injection line. 
The effects of injection troubleon total cost wereinvestigated, since the injection troubleis assumed to have a not 
smallrisk on the project. Three cases were assumed. Each case has troubles to stop CO2 injection for 20 days in a 
year as following intervals; 
 
Case 1; injection troubles happen every 3 days, in each trouble, injection stops for 2 hours 
Case 2; injection troubles happen every 36 days, in each trouble, injection stops for 24 hours 
Case 3; injection troubles happen every 72 days, in each trouble, injection stops for 48 hours 
 
In each case, the total cost was evaluated with changing the CO2 buffer volume. As shown in Figure 7,the CO2 
buffer should be installed, because total cost at no CO2 buffer volume is the highest. However the optimum volume 
is different in each case. The longer hours injection stops for, the larger the optimum buffer volume becomes, 
because the larger CO2 buffer decreases the emission by CO2 release to the atmosphere from the plant and increases 
the total costs. 
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Figure 7. Total costfor CO2 buffer volume 
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6. CONCLUSION 
In this study, a numerical simulation model on CO2 storage was constructed for Moebetsu layer at 
Tomakomaioffshore site to investigate the effects of an estimation error on the layer permeability. Based on the 
numerical simulations on CO2 injection rate against the maximum bottom hole pressure, economic evaluation were 
carried out to evaluate the opportunity cost as a lost benefit by decrease of CO2store from the design volume. 
Furthermore, the operations research on CO2 buffer volume installed on the CCS process was carried out by 
assuming number of hours, which make stop CO2 injection by troubles assumed. The optimizing buffer volume has 
been presented on thetotal cost consisting opportunity cost by release of captured CO2 and initial construction cost 
of buffer tanks. In the example considering a commercial CCS with 1.0×107 ton-CO2for ten years, the optimum 
volume of CO2 buffer was obtained as 3985 m3 for a trouble case (Case 3). 
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